Soil Informatics, the GIS-based decision-support system, helps to establish the potentials and limitations of different soils for crop production. A new methodology combining soil survey indices with available nutrients (P and K) was developed to evaluate soil productivity. Physiographic-soil map was generated by interpretation of IRS 1C/1D LISS III satellite data and soil survey in an agricultural region of Punjab, India. Georeferenced surface (0 m -0.15 m) soil samples were collected from 267 sites using Global Positioning System (GPS). . The nutrient maps (P and K) generated using ArcGIS clearly point out the specific locales where deficiency of nutrients constrained crop production. Multi nutrient (PK) map indicated that the combined P and K deficiency at a single place was negligible. The productivity index was computed by taking into account soil texture and available nutrients to evaluate the productivity of soils in each mapping unit. This approach is proposed as a method for the evaluation of sustainable soil management.
Introduction
Soil quality is usually defined in terms of soil productivity, and specifically in regard to soil's capacity to sustain and nurture plant growth [1] . The primary reason for initiating soil survey was for the evaluation of soil productivity, which involves a blend of qualitative and quantitative rating models [2] . While efforts to define and quantify soil productivity are not new, establishing a consensus with regard to a set of standard conditions (soil properties) to be used for evaluation of productivity of soils remains difficult [3] . Such databases can be analyzed in a computerized geographic information system (GIS) to develop broad regional assessment of inherent soil quality and landscape quality [4] . The concept of Soil Rating for Plant Growth (SRPG) was developed by USDA-NRCS staff to rate soils for plant growth at a county scale [5] .
During the last more than three decades, rice followed by wheat has come to be a dominant cropping system in Punjab, India. The productivity of this system has started showing signs of fatigue. Obviously, there is a vital need to identify the constraints of productivity and to find solution for the sustainability of rice-wheat system in Punjab [6] . Both these crops require application of heavy doses of nutrients to achieve full yield potential. The indiscriminate use of fertilizers over a period of time has resulted in buildup of nutrient elements like phosphorus and deficiency of potassium in many locations [7] . Hence for sustainability of the present agriculture system and for management of soil resources, it is imperative to emphasize on the rational management of soil fertility which requires an understanding of how nutrients vary across the land [8] . To date, however, many land resource assessment studies have not fully capitalized on the opportunities presented by the new techniques in geospatial analysis and information management. Previous studies on soil-site suitability for growing crops involved the execution and interpretation of surveys and studies of landforms, soils, land use, vegetation and climate etc. Since nutrient status of soils affects productivity, we included the fertility status and indices of soil survey to evaluate and map the productivity of soils using remote sensing, GIS and Global Positioning System (GPS) in Moga district of Punjab, India. Geomorphologically, the area is a vast stretch of old and recent alluvium of Quaternary age as modified by orogenic processes associated with fluviatile action. The present landscape is the result of combined effect of the localized reworking of the earlier deposited sand bars and sand dunes by aeolian action, leveling and transportation to other places.
Materials and Methods

Soil Survey and Mapping
Physiographic analysis of Indian Remote Sensing IRS 1C/1D LISS III data (false colour composites, spatial resolution of 23.5 metres) of the year 2004 was carried out to distinguish the main land types and sub-types. Subdivisions of land types were mainly based upon the combination of relevant elements of image-interpretation, such as color, tone, texture, size, shape, pattern, drainage conditions, slope and land use. A reconnaissance survey of the area was undertaken by taking auger bore observations to validate the physiographic units and check the composition of soils. The soils were studied by auguring and excavating master profiles up to 1.5 m meter depth. The physiographic-soil map was finalized on 1:50,000 scale and digitized using Arc GIS. The flow chart of the approach followed is given in Figure 2. 
Collection and Analysis of Soil Samples
The soil map (Figure 3 ) thus generated was used to prepare sampling design so that all the physiographic units/ The soil samples were ground, passed through 2 mm sieve and analyzed for available phosphorus (P) and potassium (K). Olsen P (Available P) was extracted with 0.5 M NaHCO 3 solution buffered at pH 8.5 [9] . Available K was determined by 1 N NH 4 OAc (pH 7.0) and K in the extract was measured using flame photometer [10] .
Generation of Maps
Maps of georeferenced soil/plant sampling sites were generated using ArcGIS. Individual nutrient (P and K) maps were prepared and integrated to derive the multimacro nutrient (P and K) in the GIS environment.
Results and Discussion
Physiography and Soils
Based on visual interpretation of IRS LISS-III satellite data (spatial resolution 23.5 meters) for the year 2006, the area has been divided into two major physiographic units viz. alluvial plain (Ap) and flood plain (FP). The alluvial plain constituted the major portion of the study area and has been further categorized into alluvial plain with sand cover (Ap1), upper alluvial plain (Ap2) and lower alluvial plain (Ap3) and flood plain (FP). The alluvial plain with sand cover (Ap1) includes some of the areas of reclaimed sand dune complexes (Figure 3) .
The upper (Ap2) and lower (Ap3) alluvial plain are intensively cultivated and irrigated areas with medium to heavy textured soils, respectively. The flood plain (FP) occupying a small part of the area and has stratified soils ( Table 1) .
The lowest amount of sand (37.8 to 48.9 percent) was in the profiles of lower alluvial plain soils (Ap3). In the profile developed on alluvial plain with sand cover (62.7 to 81.4 % sand), the clay was irregularly distributed with depth and is the lowest as compared to other units. The soils of upper and lower alluvial plain were with higher clay content and showed an increasing trend with the depth except in BC and C horizons. The soils were alkaline in reaction (pH ranged between 8.5 and 9.2). The organic carbon content of the soils varied from 0.04 to 0.81 percent with higher organic carbon in the surface horizons. An irregular distribution of organic carbon in soils from all physiographic units except for Ap2 and Ap3 indicates recent origin of these soils. The CaCO 3 content of these soils varied from nil to 17.9 percent.
Chemical Characteristics and Macronutrient Status of Soils
The surface soils (Figure 4 ) of the study area were neutral to alkaline in reaction. Most soils were free from the problem of salinity and alkalinity. The organic carbon in these soils ranged between 0.17 percent and 0.98 percent with an average value of 0.63%. (Figure 5 ) had low, medium and high content of P, respectively according to the limits of available P given in Table 2 . Adequate amount of P in certain areas may be attributed to application of phosphatic fertilizers to both crops in the rice-wheat cropping sequence resulting in build up of P. The efficiency of applied P is very low and it comes in available form very slowly.
The available K (1 N NH 4 OAc (pH 7.0)-extractable K) content ranged from 44.8 kg·ha -1 to 784 kg·ha -1 with a mean value of 255 kg·ha -1 ( Table 2) . A majority of the soils were medium in K content and and 56.2 and 40.9 percent of the total area was with K content in the medium and high range, respectively, whereas, the remaining 2.9 percent area was deficient in K (Figure 6 
Multi-Macronutrient Deficiencies
The multi macronutrient map (Figure 7 ) indicated that only a small portion of the total geographical area of the district had deficiency of P and K both at single location. Available P in the high (H) and in the medium (M) range, HM category, covered 62.5 percent of the total area. This was followed by the categories HH (HighHigh) and MM (Medium-Medium) covering 10.2 and 8.8 percent area, respectively. Other categories like LM (LowMedium), LM (Low-Medium), ML (Medium-Low) and HL (High-Low) occupied very small area of the district ( Table 3 ).
Evaluation of Productivity Index
The physiographic soil map (Figure 4) was integrated with multi macronutrient (P and K) map (Figure 7 ) in ArcGIS to delineate the composite soil units (Figure 8 ) soil texture, available P and available K. In order to quantify the productivity of soil, parametric approach [11] was followed which was modified according to the local conditions. There were no significant differences in other parameters of approach of Riquier et al., 1976 . Therefore, we evaluated the productivity index of soils by including soil texture, available P and K. The rating to each soil unit was evaluated in term of the degree of limitation. Overall productivity index (PI) was computed as under: Productivity Index (PI) = T.P.K where, T = rating for soil texture taken as (100 for the texture suitable for growing various crops i.e. fine loamy), (80 for medium texture i.e. coarse loamy) and (60 for coarse textured and/or stratified soils). P = rating for available phosphorus (taken as fraction of 1), (for high P soils = 1, medium P soils = 0.8 and low P soils = 0.6). K= rating for available potassium (taken as fraction of 1), (for high K soils = 1, medium K soils = 0.8 and low K soils = 0.6).
The productivity class for each soil unit was determined according to the PI values and attributes were assigned after generation of maps in ArcGIS (Figure 8) . The zones with values of PI < 40 were rated as low productivity class, 41 -60 as medium, 61 -80 as high and >80 as very high.
The changes in physiography had a strong influence on nutrient distribution. It was higher in the fine-textured soils of Ap3. The soils of Ap1 and FP were with the lowest nutrient content as reported in previous studies [12] . The PI values of all physiographic units with low P and K were less than 40. These units were consequently classified as low productivity class. The PI value of soils of Ap1 and Ap2 with high P and low K was less than 40, thereby, these soils also qualified for low productive class. However, the fine loamy soils of Ap3 with high P and low K had PI values 60. These soils were rated as highly productive. The PI factor was low (<40) for the coarse and stratified soils (Ap1 and FP) and medium textured soils (Ap2) with medium P and low K whereas it was medium (41 -60) for fine textured soils (Ap3). The coarse-textured soils (Ap1 and FP) with medium P and K qualified for low productivity class. The medium and fine-textured soils (Ap3) with similar nutrient status (medium P and K) were categorized as medium and high productivity class, respectively. The PI for soils of Ap1 and FP units with medium K and high P values were found to be medium due to textural limitations, in spite of medium to high nutrient status. Hence, these soils were classified under the medium productivity class. The PI of Ap2 and Ap3 was 64 and 80, respectively. The productivity class with high P and K was medium for FP and Ap1, high for Ap2 and very high for Ap3 which clearly indicates the role of texture in determining the PI.
The area distribution of different productivity classes was in the order of high (65.4%) > medium (19.9%) > Low (8.0%) > Very high (6.7%). This suggested that the soils of high and very high productivity class have no limitation in respect of texture and nutrient status and was found to cover 65.4 percent and 6.7 percent area of total geographical area of the district, respectively. The low and medium productive soils were limited by either texture or low nutrient status. The soils with low productivity are mainly from Ap1 and FP, as such, these are mainly suitable for cultivation of groundnut, gram, mustard etc.
Conclusions
This study showed that soils with high to very high productivity class are suitable for paddy and wheat cultivation, whereas the soils with low productivity are mainly suitable for cultivation of groundnut, gram, mustard etc.
Using these data and other ancillary spatial information in the GIS environment, it is possible to identify and map similar soil characteristics that can be used to predict potentials and constraints of land for specific crop production.
